The radioprotective action and cytotoxicity of various sulfhydryl compounds ; 2-mercapto propionylglycine (MPG), 2-mercaptopropionylglycine-amide (MPG-amide), 2-mercaptopropionyl phenylalanine (MPPA), 2-mercaptopropionylphenylglycine (MPPG), 3-mercaptopropionylglycine (3-MPG), AET, cysteine and cysteamine were compared in irradiated and unirradiated mouse L cells using colony forming ability as a criterion . It was indicated that the sulfhydryl com pounds divided into three classes, according to their radioprotective action and toxicity. Most effective radioprotection was obtained by cysteamine and cysteine , followed by AET and MPG amide in that order. Toxicity of these sulfhydryl compounds were generally observed in concentrations in the range of 0.1-2 mM, while they are much less toxic and effectively radi oprotective in higher concentration, especially in cysteamine and cysteine. On the other hand, MPG, MPPA, MPPG and 3-MPG were all non-toxic and generally ineffective in protecting ir radiated cells, except that MPG in concentrations around 0.02 mM and 15 mM and MPPA and 3-MPG around 15 mM have a slight but significant protective action .
INTRODUCTION
Numerous chemical compounds have been tested for their ability to protect against ionizing radiation since the discovery of protection of mammals with cys teine by Patt et al.') in 1949. Among them, thiol derivatives such as cysteamine, cystamine and aminoethylisothiuronium (AET) belong to the most effective class of protective agents.
Although the mechanisms of protection have been discussed frequently and several mechanisms, e. g. radical scavenger hypothesis, mixed di sulphides hypothesis, hypoxia induction, biochemical shock theory and so on, have been proposed (see detailed reviews by Bacg2) and Thomson3)), none of them are satisfactory to explain the protection in whole animals as well as in cells. Recently, it was found by Sugahara et al. 4 '5> that a new sulfhydryl compound, 2-mercaptopropionylglycine (MPG) is a potent radioprotector effective in a very low dose far below its toxic dose in the mouse as well as in human being. The findings may indicate that this compound is useful for practical application to ra diation protection and radiotherapy alone or in combination with other radiopro tectors.
In These compounds were dissolved in the growth medium respec tively at various concentrations as indicated by the text. For determining the cell growth in the normal growth medium of mouse L cells treated with 0.4 mM MPG for 15 min at various cell densities, each 20 ml of cell suspension containing 2 x 104 to 2 x 105 cells per ml of growth medium (pH 7.0) was distributed into 50 ml centrifuge tubes (Pyrex glass) and each 20 ml of growth medium (pH 7.0) containing 0.8 mM MPG was added to each tube. After incubation at room temperature for 15 min, the media in the tubes were discarded by cen trifugation, and the cells in each tube were suspended with normal growth medi um so as to make 1.33 x 104 cells per ml. Then, each 1.5 ml of cell suspension was deposited into a short test tube (Pyrex glass, inner diameter 10 mm, length 100 mm), and the tubes were inserted into a metal rack placed obliquely at an angle of 5 degrees to the horizontal in an incubator.
At various times during cultivation at 37°C, the numbers of cell nuclei were determined with a hemocytometer of the Biirker type.
For determining the cell growth in the normal growth medium of mouse L cells treated with 0.4 mM MPG for 15 min at various pH levels, each 20 ml of cell suspension containing 5 x 104 cells per ml of growth medium was distributed into 50 ml centrifuge tubes.
The media in the tubes were discarded by centrifugation, and each 40m1 of growth medium (adjusted to pH 6.0, 7.0 or 8.0 by sodium hy droxide, respectively) containing 0.4 mM MPG was added to each tube. After in cubation at room temperature for 15 min, the media in the tubes were again dis carded by centrifugation, and the cells in each tube were suspended with normal growth medium so as to make 1.33x101 cells per ml. Each 1.5 ml of cell suspen sion was deposited into a short test tube, and the cell growth was determined by the same method as mentioned above. Determination of the radioprotective action of various sulfhydryl compounds on the cell survival of X-irradiated mouse L cells and their cytotoxic effect on the unirradiated cells Each 2 ml of cell suspension containing 5 x 104 mouse L cells per ml of growth medium was distributed into short test tubes (Pyrex glass, inner diameter 10 mm, length 100 mm) and 2 ml aliquot of growth medium containing various concentra tions of a sulfhydryl compound was added to each test tube. After incubation at room temperature for 15 min, test tubes were irradiated with 500 R of 200 KV X rays, at a dose rate in air of 75 R/min as measured with a Victoreen condenser chamber.
After irradiation, the media in the unirradiated or irradiated test tubes were discarded by centrifugation, and the cells in each test tube were suspended with normal growth medium so as to make 400 cells per ml. After each 1 ml of the unirradiated of irradiated cell suspension was distributed into 60 mm-glass Petri dishes and supplemented with an additional 4 ml of growth medium, the dishes were placed in a CO, incubator.
The number of visible colonies stained with Giemsa solution was counted 12 days after incubation. 
RESULTS
Growth in the normal medium of mouse L cells treated with MPG at various cell densities and pH levels To examine whether the growth of MPG-treated cells is affected by cell den sity at the time of treatment with MPG, the cell growth in the normal growth medium of mouse L cells treated with 0.4 mM MPG for 15 min at cell density of 1 x 104 to 1 x 105 cells per ml of growth medium (adjusted to pH 7.0) was determined, as described in MATERIALS AND METHODS.
The results are shown in Fig. 1 . As seen in this figure, the treatment of the cells with 0.4 mM MPG for 15 min resulted in no significant difference in the growth rate at various cell densities within the range used in this experiment.
Similarly, to examine whether the growth of MPG-treated cells is affected by the pH at the time of treatment with MPG, the cell growth in the normal growth medium of mouse L cells treated with 0.4 mM MPG for 15 min at a cell density of 2.5 x 104 cells per ml of growth medium (adjusted to pH 6.0, 7.0 or 8.0, respec tively) was determined (Fig. 2) . As seen in Fig. 2 , the treatment with 0.4 mM MPG for 15 min at the pH's within the range used in this experiment has little effect on the cell growth, except that the cells treated with MPG at pH 8.0 show some growth inhibition during the latter 4 to 7 days of culture.
On the basis of the above experimental findings, the treatment of cells with various concentrations of sulfhydryl compounds in the following experiments has been done at a cell density of 2.5x 104 cells per ml of growth medium of pH 7.0 from 15 min before to the end of irradiation. to that in irradiated cells. Eight sulfhydryl compounds used in the present study may be divided into three classes, according to their radioprotective action and cytotoxicity. The most effective radioprotection was obtained by cysteamine and cysteine as shown in Fig. 3 . Cysteamine at 0.1-0.4 mM and cysteine at 0.4-2 mM effectively reduced the cell survival of unirradiated cells, while they are much less toxic and power fully radioprotective in higher concentrations (30 mM and more than 60 mM, re spectively).
Effective radioprotection next to cysteamine and cysteine was obtained by AET and MPG-amide as shown in Fig. 4 . AET at 0.1-0.8 mM showed cyto toxicity to unirradiated cells, whereas MPG-amide did not show any significant cytotoxicity except at 0.4-0.8 mM. These chemicals were also effectively radi oprotective to 500 R-irradiated cells in higher concentrations.
On the other hand, MPG, MPPA, MPPG and 3-MPG were all non-toxic to unirradiated mouse L cells and generally ineffective in protecting irradiated cells, except that MPG at around 0.02 mM and 15 mM and MPPA and 3-MPG at around 15 mM were slight radio protective (Fig. 5) . Fig . 6 show the relation of dose of radiation and survival of mouse L cells after the treatment with optimal concentrations (60, 60 and 30 mM) of the radi oprotectors (cysteamine, MPG-amide and AET). All the 'same, the most effective radioprotection is obtained in cysteamine, followed by MPG-amide and AET in that order.
The dose modifying factors of cysteamine, MPG-amide and AET at 500 R-irradiation is roughly estimated to be 3.3, 2.5 and 1.9, respectively. However, we could not observe any significant protective action in 60 mM cysteamine when cells were treated with this chemical for 15 min after irradiation with various doses of X-rays. Recently, Sugahara et al. 4 '5> have found that a new sulfhydryl compound, MPG, which is commercially available in Japan as a detoxicating agent, is radioprotective both in mouse and human being in a very low dose without any toxic effects. The finding of such a useful protective agent may enable the future development of chemical radiation protection.
DISCUSSION
Thus, in the present study, we have compared the radioprotective action and toxicity of various sulfhydryl compounds including MPG and its related compounds at the cellular level, by using cultured mouse L cells.
Because it is known that the cytotoxicity of sulfhydryl compounds is affected by the pH of the medium at the time of treatment of cells with the compounds 6, 18) 
